Activities of daily living (ADLs) and instrumental activities of daily living (IADLs) are essential for independent living and are predictors of morbidity and mortality in older populations. Older adults who are dependent in ADLs and IADLs are also more likely to have poor muscle measures defined as low muscle mass, muscle strength, and physical performance, which further limit their ability to perform activities. The aim of this systematic review and meta-analysis was to determine if muscle measures are predictive of ADL and IADL in older populations. Methods A systematic search was conducted using four databases (MEDLINE, EMBASE, Cochrane, and CINAHL) from date of inception to 7 June 2018. Longitudinal cohorts were included that reported baseline muscle measures defined by muscle mass, muscle strength, and physical performance in conjunction with prospective ADL or IADL in participants aged 65 years and older at follow-up. Meta-analyses were conducted using a random effect model.
Introduction
Dependence in activities of daily living (ADLs), the basic tasks required of an individual to maintain their independence at home, is associated with increased risk of morbidity and mortality. 1, 2 Individuals that are dependent in ADL are also likely to be dependent in instrumental activities of daily living (IADLs), the tasks required of an individual to maintain their independence in the community. [3] [4] [5] The prevalence of ADL and IADL disability for at least one activity is 34.6% and 53.5%, respectively, in adults aged 65 years and older, 6 and this prevalence increases with age. 7 Those with lower muscle measures, defined by muscle mass, muscle strength, and physical performance, 8 are more likely to be dependent in ADL and/or IADL. [9] [10] [11] The more difficult tasks are for an individual, the more effort and demand they require relative to their muscle's maximum capacity. 12 Older adults that develop ADL dependence are less likely to recover function, stressing the need for strategies that can prevent or delay the onset of ADL dependence. 13 Higher muscle strength is protective against declining below the threshold where dependence in ADL and IADL occurs. 14 In community-dwelling older adults, physical performance measured by gait speed has been shown to be a strong predictor of ADL disability. 15, 16 Similarly, low muscle mass, muscle strength, and gait speed have all been associated with an impaired ability to perform ADL and IADL. 17, 18 Currently, there are no systematic review and/or meta-analyses that quantifies the association between muscle mass, muscle strength, and physical performance as predictors of ADL and IADL dependence. By determining which muscle measures are predictive of ADL and IADL dependence allows for the identification of individuals at high risk of decline as well as the development and implementation of strategies that can prevent or delay the onset of dependence.
The aim of this systematic review and meta-analysis was to determine if muscle mass, muscle strength, or physical performance are predictors of ADL and/or IADL at follow-up in older populations.
Methods

Search strategy
This systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-analyses and registered with the PROSPERO International Prospective Register of Systematic Reviews (CRD42019125666). 19 The following four electronic databases were screened for potential relevance from date of inception to 7 June 2018: MEDLINE, EMBASE, Cochrane Central Register of Controlled Trials, and Cumulative Index of Nursing and Allied Health Literature. The search strategy was developed in consultation with a senior tertiary librarian from The University of Melbourne, with expertise in research and search strategies. The following terms were used in the search strategy: 'muscle mass', 'fat free mass', 'lean mass', 'muscle loss'/atrophy, 'muscle strength', 'physical performance'/mobility/fitness/endurance, 'activities of daily living', 'functional decline'/disability, and aged/elderly/older. The full search strategy can be found in Supporting Information, Table S1 .
Eligibility criteria
Inclusion criteria consisted of prospective longitudinal cohorts of older adults with a reported mean/median age of 65 years and older at follow-up and reporting at least one of the following measurements: muscle mass, muscle strength, or physical performance in conjunction with a follow-up outcome of ADL or IADL.
Exclusion criteria included cross-sectional and case-control studies; anthropometric measurements as measures of muscle mass such as body mass index, hip-waist ratio, waist or calf circumference measurements, and skin-fold thickness; populations that suffered from cancer, muscular dystrophy, genetically inherited diseases, and HIV/AIDS; cohorts that received an intervention other than usual care or placebo; and non-English articles. Articles including participants of the same cohort more than once were excluded in a hierarchical manner: (i) if there was no statistical analysis conducted regarding odds ratio (OR), hazards ratio, or relative risk and lacking data to calculate the OR; (ii) if their primary research question was not exploring the association between muscle measures with ADL or IADL; or (iii) an article had a smaller sample size.
The quality of the included articles was assessed by a modified version of the Newcastle-Ottawa Scale (NOS) for cohort studies. 20 Quality assessment was performed based on the following categories: selection, comparability, and outcome. Articles were deemed to be high quality with the following criteria: (i) the population was representative of the 65 years and older at follow-up; (ii) in the case of a dichotomized sarcopenic cohort (low muscle mass, muscle strength, and physical performance), both cohorts were recruited from the same population; (iii) the technique used to measure muscle mass, muscle strength, or physical performance; (iv) the analysis was controlled for age and/or sex, as well as other factors; (v) ADL or IADL was measured with a validated method or a study designed questionnaire or survey; (vi) follow-up duration was ≥3 months; and (vii) subjects were all followed up, accounted for or the number lost to follow-up was unlikely to introduce bias (≤20%). The adapted version of the NOS can be found in Supporting Information, Supplementary Material 2. Studies above the median score (7/7 and 8/8) were the cut-off point for articles of high quality. 21 
Data synthesis and analysis
Effect sizes were extracted and reported where associations were made between baseline muscle measures and followup ADL and/or IADL. Inclusion into the meta-analysis required articles to report an OR, hazards ratio, relative risk, or if the article provided sufficient information to calculate an OR for the association between baseline muscle measures and follow-up ADL and/or IADL. Forest plots were generated for the graphical representation of the meta-analysis. A random effect model was adopted to account for differences between articles. 22 Articles were presented in order from the shortest to longest follow-up duration to determine if follow-up duration impacts effect size, i.e. longer follow-up duration showing greater effect size. Articles that reported sex-stratified results or ADL and IADL were entered in the meta-analysis separately. The least adjusted statistical model consisting of age and sex was used in the meta-analysis, followed by the next least adjusted model then the unadjusted model. Heterogeneity was measured using the I-squared (I 2 ) test. Low heterogeneity was defined as an I 2 ≤ 25%, moderate as 25-75%, and high as ≥75%. 23 The P-value for significance was set at <0.05, and the P-value for a trend was set at 0.05 < P < 0.01. Meta-analyses were performed separately according to the unit of gait speed, ADL, and IADL. The meta-analysis was performed using Comprehensive Metaanalysis (version 3.3; Biostat Inc., Englewood, NK). Figure 1 presents the Preferred Reporting Items for Systematic Reviews and Meta-analyses flow diagram of selected articles. The four databases yielded 12 950 potential articles to which an additional 13 were added by snowballing. After removing duplicate articles, 7760 progressed to title and abstract screening. Of these, 7535 articles were excluded resulting in 225 articles for full-text screening. Ultimately, 83 articles were included in the systematic review and 45 articles in the meta-analysis. Table 1 presents the study characteristics of included articles. The majority of the articles were conducted on communitydwelling participants (n = 65/83). The mean or median age of the study ranged from 54 to 86 years at baseline. The number of participants in each study ranged from 41 to 8000 and included a total of 108 428 (54.8% female) participants. Follow-up duration ranged from 11 days to 25 years. ADL was measured in 73 articles that examined physical motor tasks, 30 of which had developed an adapted questionnaire to assess the motor component of ADL (Supporting Information, Table S3 ) and 21 articles using the Katz Index or a modified version. Of the articles reporting ADL, 63 articles used a dichotomous cut-off reporting a worsening ADL score (≥1 points loss, i.e. more dependency) at follow-up compared with using a continuous ADL score (n = 11 
Results
Characteristics of included articles
Qualitative analysis
Muscle mass was reported in 13 articles, 28, 32, [35] [36] [37] [38] 50, 59, 60, 65, 86, 98, 104 six using dual-energy X-ray absorptiometry, five using bioelectrical impedance analysis, one using computed tomography, and one did not report the measurement method ( Table 2 ). Low muscle mass was positively associated with worsening ADL in 5/9 articles and IADL in 5/5 at follow-up.
Muscle strength was investigated in 41 18 Table 3) . Handgrip strength was used as a measure of muscle strength in 40 articles, five using quadriceps or knee strength and each of the following were used in single articles: shoulder strength, ankle and 63 113
Step climb test cm Per 10 A N Jonkman (2018) 16 798 Table 4 ). Gait speed was the most reported measure, with a total of 37 articles, followed by the composite test short physical performance battery (SPPB), which was reported in 14 articles. Other measures of physical performance included a variety of balance (n = 15), chair stand (n = 10), timed up and go (n = 8), and functional reach tests (n = 2) as well as tests that involve multiple assessments (n = 3). Poor physical performance was positively associated with worsening ADL in 37/49 articles and IADL in 9/11 at follow-up: SPPB (10/13, 2/2), gait speed (27/33, 7/8), one leg balance (3/4, 0/0), and chair stand test (4/9, 0/1).
Quality assessment
A complete breakdown of the NOS can be found in Table 5 . The majority of the articles were of high quality (46/83).
Meta-analysis
Muscle mass Two articles 60,98 evaluating muscle mass (low vs. high) and its association with ADL were included in the meta-analysis. Low muscle mass was associated with worsening ADL Only applied to studies that dichotomized sarcopenic cohorts. 28, 35, 60, 65 were pooled into a metaanalysis exploring the effect of muscle mass (low vs. high), which favoured worsening IADL (OR = 1.28, 95% CI: 1.02-1.61, I 2 = 75.8) (Figure 2) .
Muscle strength
Six articles 25, 27, 64, 72, 102, 105 evaluating the association between handgrip strength (per 1 kg lower) and ADL were pooled, favoured worsening ADL (OR = 1.09, 95% CI: 1.05-1.13, I 2 = 87.5) ( Figure 3A) . Ten articles 24, 25, 40, 44, 49, 69, [81] [82] [83] 93 were pooled into meta-analysis demonstrating the association between low vs. high handgrip strength with ADL ( Figure 3B) . The pooled result again favoured worsening ADL (OR = 1.51, 95% CI: 1.34-1.70, I 2 = 50.0). Four articles 37,87,90,93 were pooled measuring handgrip strength (low vs. high) and IADL favouring worsening ADL (OR = 1.59, 95% CI: 1.04-2.41, I 2 = 94.7) ( Figure 3B ).
Physical performance
Seven articles 43, 45, 55, 72, 79, 96, 102 evaluating the association between SPPB and ADL were pooled, which demonstrated that a lower SPPB score (per one point) is associated with worsening ADL (OR = 1.12, 95% CI: 1.07-1.18, I 2 = 91.8) ( Figure 4A) . Four articles 43, 56, 69, 75 were pooled exploring the association between SPPB (low vs. high) and ADL ( Figure 4B) . The pooled effect favoured worsening ADL (OR = 3.49, 95% CI: 2.47-4.92, I 2 = 63.3). Two articles 29,101 combined ADL and IADL and showed that SPPB score (low vs. high) favoured a worsening of the combined ADL and IADL measure (OR = 3.09, 95% CI: 1.06-8.98, I 2 = 57.6) ( Figure 4B) . Seven articles were pooled in a meta-analysis demonstrating the association of gait speed (per unit increase) with ADL ( Figure 5A) . After subgrouping for a lower unit (per 0.1 m/s, per 1 m/s and per SD) in gait speed, a lower gait speed of 0.1 m/s 76, 96 was not associated with worsening ADL (OR = 1.64, 95% CI: 0.80-3.38, I 2 = 85.0) while a lower gait speed of 1.0 m/s 63,72,102 and 1 SD 38,74 was associated with Figure 5B) . Four articles 37,41,62,90 evaluating the association between gait speed (low vs. high) with IADL demonstrated worsening in IADL (OR = 1.93, 95% CI: 1.69-2.21, I 2 = 0.0) ( Figure 5B) . Five articles 40, 44, 71, 82, 87 were pooled comparing the lowest quintile for gait speed with the upper four quintiles with ADL demonstrated an association in worsening ADL (OR = 3.08, 95% CI: 2.13-4.46, I 2 = 75.7) ( Figure 5C ). Three articles 58, 93, 95 were pooled demonstrating a strong association between one leg balance (low vs. high) and a decline in ADL (OR = 2.74, 95% CI: 1.31-5.72, I 2 = 88.5) ( Figure  6A) . Two articles 84, 89 reported timed up and go (slow vs. fast) with ADL ( Figure 6B) . Slow timed up and go favoured worsening in ADL (OR = 3.41, 95% CI: 1.86-6.28, I 2 = 41.6). Three articles 55, 75, 103 explored the effect of chair stand test time (slow vs. fast) with ADL ( Figure 6B) . Slow chair stand test favoured worsening in ADL (OR = 1.90, 95% CI: 1.63-2.21, I 2 = 0.0). Two articles 37, 103 were pooled exploring the effect of chair stand test time (slow vs. fast) was not associated with worsening IADL (OR = 2.10, 95% CI: 0.80-5.48, I 2 = 74.8) ( Figure 6C) .
All meta-analyses were ordered by study follow-up duration from shortest to longest. No pattern was present based on follow-up duration in all meta-analyses.
Discussion
Muscle mass was associated with the development of IADL dependence. Muscle strength and physical performance were associated with the development of ADL and IADL dependence at follow-up in older adults.
Muscle mass
Surprisingly, muscle mass was associated with the development of new IADL dependence, but not ADL dependence at follow-up in this meta-analysis. While the association between muscle mass and ADL was not statistically significant, perhaps because of only two studies being included, a trend suggested that it was a clinically significant predictor of worsening ADL. The Concord Health and Ageing in Men Project reported that low muscle mass and sarcopenic obesity were significantly associated with worsening ADL and IADL. 60 Additionally, a prospective study reported that low fat free mass was associated with functional disability. 36 It has been previously hypothesized that muscle mass plays an important role in the loss of ADL with increasing age 106 . Loss of muscle mass could be explained by a variety of different factors including the loss of innervation from alpha-motor neurons 107 , reduced dietary protein intake 108, 109 , and less physical activity 110 .
Individuals with lower muscle mass have more difficulty in performing ADL and IADL 111, 112 . Furthermore, it has been suggested that the infiltration of fat into the muscle is a risk factor for low muscle mass, which is associated with worsening ADL and IADL 111 . Prior studies exploring the effect of training on muscle mass demonstrate its effectiveness in increasing performance and preservation of ADL and IADL 113, 114 . Muscle mass has also been shown to improve in response to resistance exercise training and nutritional interventions, even in frail populations 109, 113, [115] [116] [117] .
Muscle strength
The predictive ability of muscle strength at baseline of ADL and IADL decline is consistent with a previous study consisting of 6089 participants, which suggested that having higher muscle strength was protective against the onset of future disability. 80 However, the discrepancies in measures and cut-offs and thus a lack of consensus in measuring muscle strength. Handgrip strength has been used as a measure of upper limb strength in older populations. 80, 118 However handgrip strength should not be used as an approximation of overall muscle strength in older adults because of the variation between individuals and the variation in muscle groups within the same individual 119 . Although a strong association between muscle mass and muscle strength exists [120] [121] [122] , muscle strength may better predict worsening ADL and IADL as muscle mass can also be influenced by factors like disease, muscle use, and muscle morphology 123 . It has previously been hypothesized that there is a minimal amount of muscle strength required to complete ADL 124 . Handgrip strength declines by 0.06 kg per year up to the age of 50 with an even steeper decline of 0.37 kg per year after the age of 50 years 125 . In healthy older adults, large changes in muscle strength have little effect on ADL while small changes in a frail population have a more profound effect 124 . This suggests that the completion of ADL and IADL requires a minimum threshold of strength and that higher muscle strength provides individuals with a protective reserve against the development of ADL and IADL dependence. 14 Thus, individuals with lower muscle strength, and therefore a lower protective reserve, are at higher risk of developing new ADL and IADL dependence at follow-up. 14 The prevalence of ADL and IADL dependence increases with age, muscle strength amongst older adults has been shown to decrease. [126] [127] [128] [129] Gender has also been suggested to influence muscle strength as hospitalized older adults demonstrated an association between handgrip strength with ADL and IADL in male patients, but not female patients 112 . Individuals with high muscle strength at baseline are also likely to preserve their higher handgrip strength at followup 129 . It would be expected that the association is stronger with longer follow-up duration. However, this was not observed in our meta-analysis. A reason this could be due to the different baseline ages and follow-up duration between studies. Given that muscle mass decreases at a slower rate compared with muscle strength, it may be easier to preserve and maintain muscle mass, which can also prevent the decline in muscle strength. 130 Muscle quality, which refers to the muscle strength or power per unit of muscle mass, 131 has been associated with worse ADL in a previous cross-sectional study. 10 As previous studies support the assumption that muscle strength decline occurs faster than muscle mass, it also suggests that muscle quality has likewise declined 130 . Physical performance measured by gait speed has previously shown that a higher gait speed to be associated with higher muscle quality in older adults 132, 133 . Currently, no studies have explored the association between muscle quality and worsening ADLs; however, as muscle quality has been shown to decline with age [134] [135] [136] , it can be expected to observe similar results as muscle mass, strength, and physical performance.
Physical performance
Lower SPPB scores were associated with worsening ADL at follow-up. The SPPB encompasses three assessments that require strength, balance, dexterity, and cognitive control, which captures functional elements that are required for the completion of ADL and IADL [137] [138] [139] . Lower extremity physical performance measured by the SPPB was associated with worse ADL. Furthermore, a difference in score of 1 point on the SPPB was also significantly associated with worse ADLs as shown in this review and prior research 138 . Lower SPPB scores are a reflection of impaired skeletal muscle function and structural changes associated with chronic inflammatory processes 140 , as well as neurological pathologies that impair gait and balance 141 that are thought to mediate the development of ADL and IADL dependence 142 . High heterogeneity was observed between studies that evaluated the SPPB as a continuous variable compared with a dichotomous variable (low vs. high). The findings from this review were consistent with a previous systematic review, where the SPPB was predictive of long-term disability. 143 Gait speed measured by a 4 m walk test is a component of the SPPB and is often used in clinical settings to identify individuals at high risk of adverse health outcomes 144 and assist in the diagnosis of sarcopenia. 145 Gait speed is both a simple and highly reproducible measure of physical performance and is comparable with the SPPB as a predictor of ADL dependence. 56, 146 In community-dwelling outpatients, the association between gait sped with ADL and IADL was stronger than its association with the other sarcopenia diagnosis criteria. 147 While having a higher 0.1 m/s gait speed was not statistically significant in this study, all other analyses showed a lower gait speed favoured a worsening ADL and/or IADL. One study, which evaluated 27 200 community-dwelling older adults for gait speed, demonstrated its predictive value on the development of disability. 148 Other studies reported different cut-offs for slow and fast gait speed, but no single threshold was evident with the incidence of disability. 148 Therapies or preventative interventions targeted at improving or maintaining gait speed should be considered amongst older adults, as these changes are reflective of the progression and development of ADL and IADL dependence. 149, 150 The findings of this meta-analysis also resonate with a previous systematic review, which demonstrated that slow gait speed was associated with worsening ADL in older populations. 15, 151 One leg balance was significantly associated with worsening ADL in the follow-up. The importance of balance is well described controlling both static and dynamic posture while performing a variety of daily activities, 152, 153 such that it has been used as a predictor of high-risk individuals prone to falls. 154 Although one previous study reported no statistically significant association between one leg balance and ADL dependence, the three studies included in this meta-analysis demonstrated a strong association between low one leg balance time and worsening ADLs. 155 Timed up and go is a measure of walking, balance, strength, and cognition. 156 A descriptive meta-analysis exploring the cut-off times of the timed up and go test reported cut-off values of 8.1, 9.2, and 11.3 s for those aged 60-69, 70-79, and 80-99 years old, respectively. 157 All studies included in the meta-analysis 84,89,91 had greater cut-offs for a slow timed up and go time, potentially underestimating the pooled effect size. Timed up and go had a smaller effect size but less heterogeneity in predicting worsening ADLs compared with one leg balance in this metaanalysis. Prior research comparing different measures of balance reported timed up and go as being a better predictor of ADL in older the community-dwelling population. 158 The chair stand test was significantly associated with worsening ADL but not IADL. Chair stand test has been used as a measure of lower body strength in older adults in community-dwelling older adults and as part of the SPPB. 11, 159 A previous study reported that 22% of community-dwelling older individuals are unable to complete the chair stand test (5 to 10 rises) without the use of hands and/or arms. 11 The 30 s chair stand test may be a better protocol as it is more reliable given that some individuals are unable to complete standard protocols and the floor effect. 159 Surprisingly, no studies included in the meta-analysis reported the 30 s protocol; only the 5× chair stand test was used. High heterogeneity was observed in IADL perhaps because of the different cut-off points used (11.2 s 103 and 13 s 160 ) although this was not the case for ADLs.
Strength and limitations
This systematic review and meta-analysis explored muscle mass, muscle strength, and physical performance as predictors for ADL and IADL rather than limiting to just a single measure. By evaluating the effects of all three measures, this review presented the most detailed assessment of this topic. To reduce the risk of reverse causation when interpreting the associations reported, only prospective studies were included. There are also limitations to this review. Not all studies were pooled into a meta-analysis because of differences in measures and cut-offs of muscle mass, muscle strength, and physical performance, the use of different statistical analyses, or the lack of data required to calculate an OR. Studies that were pooled were also reporting univariate and multivariate analyses, adjusting for different confounders that were inconsistent between studies that may have further led to an over or under estimation of the effect sizes. Studies that did not have a primary aim of exploring the association between baseline muscle measures with ADL and/or IADL may have used less standardized procedures. The follow-up duration between studies varied significantly, which may have impacted the results.
Future recommendations
There were few pre-existing studies that explored the association between baseline muscle mass and ADL and/or IADL. Studies should continue to investigate the association of muscle mass alone with ADL and/or IADL. Future studies should also explore the association of muscle quality with ADL and/or IADL. Interventions tailored for specifically increasing muscle measures should be developed to prevent individuals from having worsening ADL and/or IADL in their future. Interventions should be developed with the focus of preserving or increasing muscle measures as we age.
Conclusions
This study quantified the current research available between muscle measures and (I)ADL. Muscle mass is predictive of ADL and IADL decline whereas muscle strength and physical performance are predictive of both ADL and/or IADL decline. Future studies should continue to develop and improve interventions to preserve and improve muscle measures to prevent ADL and IADL dependence. search strategy. The authors of this manuscript complied with the principles and ethical guidelines for authorship and publication in the Journal of Cachexia, Sarcopenia and Muscle. 161
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